Abstract. In this paper we consider confinement and screening of the electric field. We study the behavior of a static electric field coupled to a dielectric function with the intent of obtaining an electrical confinement similar to what happens with the field of gluons that bind quarks in hadronic matter. For this we use the phenomenon of 'anti-screening' in a medium with exotic dielectric. We show that tachyon matter behaves like an exotic way whose associated dielectric function modifies the Maxwell's equations and affects the fields which results in confining and Coulombian-like potentials in three spatial dimensions. We note that the confining regime coincides with the tachyon condensation, which resembles the effect of confinement due to condensation of magnetic monopoles. The Coulombian-like regime is developed at large distance which is associated with a screening phase.
Introduction
The confinement arises naturally in QCD (Quantum Chromodynamics) where the fields of gluons and quarks appear in a confined state at low energies. Similarly to the electric field, we associate the gluon field charges to "color charges". In our studies we show that in general the confining phenomenon can be considered as an effect of a dielectric on the fields and charges with the opposite effect of the screening "called anti-screening". Throughout the paper we shall mention the anti-screening as the way how electric field behaves in a medium with asymptotic behavior that is opposite to that well-known asymptotic behavior in a usual dielectric medium. The hadron matter in its confining phase develops this behavior. The tachyonic field is presented here as a good way to develop both antiscreening (the confinement regime) and screening behavior (the Coulomb-potential behavior at sufficiently large interquark separation). This seems to be the way in which the hadronic matter lives. In three spatial dimensions this effect presents Coulomb and confinement potentials to describe the potential between quark pairs. Normally it is used the potential of Cornell [1] v c (r) = − a r + br, where a and b are positive constants, and r is the distance between heavy quarks. In QED (Quantum Electrodynamics), the effective electrical charge increases when the distance r between a pair of electron-anti-electron decreases. On the other hand, in QCD there is an effect that creates a color charge which decreases as the distance between a pair of quark and anti-quark decreases. Thus, in this sense, the QCD develops effectively opposite QED phenomena. So it is natural to try to understand the QCD phenomena in terms of QED in an "exotic" medium such that it creates an anti -screening effect at some regime near the QCD scale. In these sense we assume that the electric field is now modified by a "dielectric function". Consider E(r) ≡ q ′ (r) r 2 ≡ q G(r)r 2 where E(r) represents the field due to an electric charge q immersed in a polarizable medium playing the role of a "color" charge coupled to a dielectric function G(r) where r is the distance of the screening (or anti-screening ). The performance of screening in the QED is expressed according to the effective electrical charge i.e., q
the typical size of the screening produced by the polarization of the molecules. On the other hand, in QCD the phenomenon of anti-screening manifests with color charge q ′ (r ≫ R) ≫ 1 or G(r ≫ R) ≪ 1 and q ′ (r < R) → 1 or G(r < R) → 1 and R is the radius of the anti-screening which is the typical size of hadrons. Since we are interested in confinement we will focus our interest in the latter case where the dielectric function G(r) is such that the anti-screening provides the QCD color confinement in a pair of heavy quark. Despite of this, in our present study, a dynamical G(r) comes out in the tachyonic matter, such that for sufficiently large distance the anti-screening breaks down and a screening phase associated with hadronization (or light quarks pair creation) takes place. Indeed the main propose in the present study is to define a potential model that may develop appropriate potentials for the confining and screening regimes. Whereas the Cornell potential is good to describe heavy quarks, for light quarks a screening regime takes place for sufficiently large interquark separation and another appropriate potential is necessary. In our set up the tachyon matter properly develops the de-sirable confining and screening behaviors. Note that we will continue using Abelian gauge fields as in QED, but now G(r) is properly obtained in order to provide both confinement and screening. We will consider only Abelian projections when these fields are embedded in a color dielectric medium [2, 3] . Indeed it is already known that results in QCD lattice have been shown that the Abelian part of the string tension accounts for 92% of the confinement part of the static lattice potential. Thus, it suffices to consider only the Abelian (linear part) of the non-Abelian strength field [4, 5] . These facts are useful to study the confinement of quarks and gluons inside the hadrons using a phenomenological effective field theory for QCD [1, 6, 7, 8] . There are different ways to confine the electric field in a dielectric medium with different functions G(r) to obtain confinement. In our case the function G(r) is associated with tachyon condensation [9] . In general, the behavior of the dielectric function G with respect to r can be governed by a scalar field φ(r) in which describes the dynamics of the dielectric medium in a tachyon matter. For this, we use a Lagrangian to describe both the dynamics of gauge and scalar fields associated with tachyon dynamics. The motivation to use this approach is twofold. First, as we shall see later, this a very natural way to obtain a phenomenological effective field theory for QCD since the aforementioned dielectric function is automatically identified with the tachyon potential. As a consequence, this approach may also address the issues of phenomenological aspects of confinement and screening in string theory. Second, since in this setup the electric confinement is related to tachyon condensation it may bring new insights on confining supersymmetric gauge theories such as the Seiberg-Witten theory [10] , which is based on electric-magnetic duality and develops magnetic monopole condensation. We shall consider examples of confinement of the electric field in one and three spatial dimensions.
The paper is organized as follows. In Sec. 1 we briefly review the theory of electromagnetism in a dynamical dielectric medium. In Sec. 2 we introduce the tachyon Lagrangian and potentials. We discuss the solutions obtained in one and three spatial dimensions. In the latter case we find analytical potentials under certain conditions and a numeric solution connecting the confining behavior at small distance to screening behavior at large distance. We explore the physics given by the confining and screening potentials. We show how the tachyon condensation is directly related to the confining phase. In Sec. 3 we present our final considerations.
Maxwell's equations modified by a dielectric function
In this section we apply the theory of electromagnetism in an exotic dielectric medium to describe the phenomenon of electric confinement. First we write the Maxwell Lagrangian in the vacuum without sources
As well-known the equations of motion for the electromagnetic field are given by
One should note that even in the absence of sources the equations of motion for the electromagnetic field produce spherically symmetric static vacuum solutions (the Coulomb field due to a point charge) [11] as we shall see below.
For electromagnetic fields immersed in a dielectric medium characterized by the dielectric function G(φ), where φ(r) is a scalar field that governs the dynamics of the medium, we have the following Lagrangian
The equations of motion (2) are now described by
being µ = 0, 1, 2, 3. Developing the component ν = 0, we simply have
We shall be neglecting the magnetic field throughout the paper. This is because the electric field is sufficient for our analysis.
Starting from equation Eq. (5) we find the electric field E coupled to the dielectric function G(φ). Now working on spherical coordinates and assuming that E(r) and φ(r) are only functions of r and as a consequence G(φ) follows the same condition, we have the following form
By using this equation we can obtain the vacuum solutions mentioned above. Thus, now we integrate the differential equation to find
Now it is easy to interpret the constant of integration λ = q/4πε 0 to write the Coulomb electric field modified by a dielectric function G(φ)
where E = |E| = E r . Therefore, we observe that the dielectric function coupled to the electric field E changes its magnitude as a function of the radial position r. Let us consider a dielectric function G(φ) as a function of a dynamical field φ, according to the Lagrangian [13, 14] 
The behavior of the dielectric function G(φ) will be presented as a consequence of the solutions of the equations of motion obtained by the above Lagrangian. The equations of motion for the electromagnetic field A µ and the scalar field φ, are given explicitly by the following differential equations
Then the equations of motion for the dielectric medium and electric field in spherical coordinates are
Based on the previous discussion it is easy to show that the solution of the first equation for the electric field is that given in (8) .
To find a confining regime everywhere the dielectric function in (8) must have the following asymptotic behavior:
Particularly, for G(φ(∞)) ∼ 1/r 2 , from Eq. (8) we find E ≡ const. This uniform electric field behavior agrees with confinement.
Tachyon condensation and electric confinement
In this section we discuss the relationship between the phenomena of tachyon condensation and the confinement of the electric field. When we speak of "tachyon" we refer to particles that are faster than light and are associated with instabilities. As magnetic monopoles they have never been observed isolated in nature, although, specially from the superstring point of view, they may always be interacting with other fields or self-interacting at higher orders to form the tachyon condensation [9, 12] . In our study we show that the electric confinement via tachyon condensation can occur in the same way as the confinement of colorful particles, such as quarks and gluons through condensation of monopoles [10] .
Tachyon Lagrangian with electromagnetic fields
For simplicity, we first consider the fields depending only on the spatial component x, i.e.
Thus, the equations of motion discussed in the previous section are now given by
where we use the fact that F 01 = E. Note that Eq. (17) is a one-dimensional version of Eq. (6). Integrating (17), we have
that substituting into Eq.(18) we find
or simply
We note that in the above equation we have, in principle, the potential V (φ) and the function G(φ). However, we can restrict these choices considering G(φ) = V (φ). As we will see below this choice is legitimate when we are working with a Lagrangian that describes the dynamics of tachyons represented by scalar field φ.
As is well-known from string theory, the dynamics of a tachyonic field T (x) coupled with the electric field E(x) is given by [9, 12] 
where e = |g| in a general spacetime. The power expansion is justified in slow varying tachyon fields, which are suitable to describe tachyon matter [9] . This derivation remains valid in 3+1 dimensions for φ dependence with purely radial coordinate r which can be identified with x. In the last equation (22) we use the fact that
Note that comparing the equation (22) with equation (9) we find the equality G = V is legitimate, so that we can write
Thus, Eq. (24) is obtained from Eq. (21) using G=V. Note that now we are only left with the equation for the scalar field
with the potentialṼ
Confinement potential for the electric field in a spatial dimension
For a tachyon Lagrangian in Eq. (22) expanded polynomially, it is explicitly clear that the dielectric function G(φ) can be equal to the potential V (φ). Thus, our dielectric function is naturally identified in the context of tachyon theory. Potentials describing the tachyon condensation in string theory are the type that are zero in the vacuum i.e., when φ → ±φ vac such that V (φ → ±φ vac ) = 0. Thus, as an example, we shall adopt the most commonly used tachyon potential of the exponential form
for q 2 = 2. The solution of equation (24) for this kind of potential is given by
Substituting this solution into the potential V = e −αφ , we find the dielectric function
Therefore, the model reproduces well the behavior of the electric field confinement
Note that in the limit x → ± π 2 the electric field diverges ("superconfining" system'). On the other hand, in the limit x → 0, the electric field tends to a constant value E = q ("confining" regime).
Confinement and Coulomb potential for the electric field in three dimensions
In three dimensions the extension of Eq. (18) (in the absence of magnetic fields) to radial symmetry is direct and given by (13) that we recast it to the form
Recalling that the solution for the electric field is given by
and substituting into (31) we find
(33) Now considering the fact that G(φ)=V (φ) and
we have
(35) Assuming again the exponential tachyon potential V (φ(r)) = e −αφ(r) we have
Since φ depends only on r, we can write our equation in terms of ordinary derivatives to simply have
For αφ(r) sufficiently large (which will be easily satisfied for a large rate r/r φ -see below), we can compare our result with the results of Refs. [15, 16] to the confinement of quarks and gluons with N c colors, i.e.,
because the first term on the right side of the equation Eq.(37) becomes negligible. This now allows us to identify our electric charge q in terms of the color charge of quarks and gluons g as follows
Recall that from Eq.(34) we have a relation between λ and q. According to [15, 16] , the confining solution is given by
Manipulating Eq. (39) we have
where we have redefined g → g/ √ 2. Using Eq.(34) we can now write
Substituting (43) into (32), with G(φ(r)) ≡ G(r), we have
being G(φ(r)) = V (φ(r)) = exp(−αφ(r)), where φ(r) is the confining solution given in Eq.(40). Now using this solution and α = − 1 f φ we arrive at
Substituting Eq. (46) into Eq. (44), we find the electric field modified by a "color dielectric function" G developing a 'confining medium' which means a confining phase given by
This solution was first obtained in [15, 16] in theories with dilatonic solutions [11] . The electric field is constant and therefore implies that the lines of force keep together all the time, which features a flux tube, a confinement due to an "anti-dielectric medium" developed by the hadronic matter that here is represented by 'tachyonic matter'. See discussion below.
• Confining potential
Integrating (47) we find the confining potential
which is a linear confining potential
where c is an integration constant and σ is the QCD string tension (which in general also depends on r) that breaks at some scale of QCD favoring the production of pairs of mesons (hadronization). As we will see, after this scale appears the regime in which a Coulomb-like type potential approaches a constant. Interestingly, our numerical solution to this problem exhibits this behavior. The electric potential energy between two punctual charges is simply given in terms of the potential and the charge u c (r) = qv c (r)
that is
where for simplicity we have disregarded the integration constant and in Eq. (51), Eq. (43) has been used. So we have a linear confinement type who describes the confinement of quarks and gluons. Note that our treatment is mainly based on an Abelian gauge theory and therefore does not have all the degrees of freedom adequate to describe the colors of gluons. However, as the very expression shows, in the limit N c → ∞ the electric charge is identical to the color charge. This is the 't Hooft limit (planar limit) where several Feynman diagrams disappear and make the non-Abelian theory simpler. Thus we can understand our approach as an Abelian approach to approximately describe the non-Abelian theory of QCDsame was considered in [15, 16] .
• Coulombian potential
Let us find the Coulomb potential starting from the electric field of Eq. (44), based on the non-confining solution of Eq. (38) for the scalar field [15, 16] φ(r) = 2f φ ln r + r φ r
Recall that f φ = −1/α is used in Eq. (53). Substituting this result into Eq. (44) we find
which is a Coulomb potential regularized at distances r φ .
Integrating the field as a function of r we obtain the 'Coulomb' potential as follows
wherec is an integration constant. The potential energy is given by u cl (r) = qv cl (r)
Expressing the charge q in terms of g as defined above, we found
where for simplicity we also have here disregarded the integration constant and in Eq. (57), Eq. (43) has been used. The Coulomb-type potential energy for the electric field that mimics the energy of quarks and gluons in the limit of high energies or r → 0. Note, however, that the potential is regular at r = 0 unlike a usual Coulomb potential. The confining and Coulomb-like potentials are depicted in Fig. 1 . Note that the numerical solution v n (depicted in red) smoothly connects these two regimes in small and large distances. Here we solve numerically Eq. Fig. 1 -topand at large distances the potential approaches a constant given by v cl ( i.e.,c = 2m q ) - Fig. 1 -bottom -. This is the regime where hadronization processes take place via production of light mesons, i.e., for small masses m q . Finally, we shall comment on the relation between the confinement and the tachyon condensation. We will also comment on the connection in between the confinement and deconfinement phases at small and large distances presented numerically.
We have found the linear confining by assuming αφ sufficiently large (i.e., r ≫ r φ ) in Eq. (37) that leads to Eq. (38) which for the tachyon potential presents the explicit confining solution (40). When we substitute this solution into the tachyon potential we find
We note from the equation (59) that the tachyon condensation, i.e., V → 0, happens when r/r φ ≫ 1. This is automatically satisfied by the hypothesis that r ≫ r φ . On the other hand, from the numeric analysis, since the dielectric function G(r) ≡ V (r), the Fig. 2 suggests that the confinement/condensation condition is again easily satisfied at r ≃ 100 since we have chosen r 2 φ = (0.05) −1 . We can therefore conclude that the electric confinement is associated with tachyon condensation. From the 't Hooft -Mandelstam and Seiberg -Witten [10] theories, which deal with the duality in between the phenomena of confinement and superconductivity, we know that the electric confinement can also be associated with the condensation of magnetic monopoles. However, both isolated tachyons and magnetic monopoles have never been observed. Now we focus our attention to the deconfining regime. Following a similar analysis and hypothesis using the nonconfining solution (52) we found
Again, since G(r) ≡ V (r), the Fig. 2 suggests that the non-confining regime at sufficiently large distance does not correspond to tachyon condensation. Instead, the full numeric solution depicted in Fig. 1 indeed allows us to identify this regime with a hadronization phase. Our numerical solution shows that there is a QCDlike string breaking such that the confining is linear only in a certain range, Fig. 1 (top) , and then the potential becomes constant that is typical of a hadronization phase.
As a last remark one should note that a large typical hadron size r φ ∼ 1/m q , which means the limit m q → 0 (light mesons), favors a regime in which a screening phenomenon after the confining phase comes into play, because the QCD string tension given in (48) becomes small. Then it is expected to be broken easier than for heavy mesons. Thus, for light quarks QCD is never truly confining [17] .
Conclusions
In this study we found a Coulomb-like and confinement potential to the electric field that resembles the ones obtained for the quarks and gluons. Our Abelian approach can be understood as an approximation of the non -Abelian QCD theory. The confining/deconfining regime of the electric field was obtained considering a dielectric medium whose tachyon dielectric function describes an anti -screening/screening behavior at small and large distance. This medium is regarded as a tachyon matter described in terms of a tachyon potential that vanishes at the minima, that is, in the tachyon condensation. Tachyon condensation was shown to be related to the electric confinement. Thus the tachyon condensation plays the same role as the condensation of monopoles in the electric confinement phenomenon. The latter corresponds to the duality between the confinement and the phenomenon of the superconductivity.
